In Brief
Sensory hair cells of the auditory, vestibular, and lateral-line systems are highly directional in their mechanical responsiveness. Jacobo et al. demonstrate that the polarization of hair cells in the larval zebrafish is specified through Notch1a-mediated lateral inhibition between pairs of developing cells.
INTRODUCTION
Notch-Delta signaling regulates diverse processes in development, regeneration, and disease. In many contexts, signaling through this pathway creates cellular patterns through suppressive cell-cell interactions, in which the concentrations of signaling molecules in interacting cells diverge over time, leading to distinct cellular fates [1] [2] [3] . We have discovered a novel role for Notch-mediated lateral inhibition in determining the polarity of sensory hair cells during development and regeneration.
By transducing mechanical stimuli into electrical signals, hair cells underlie our senses of hearing and balance [4] . The polarity of a hair cell is morphologically determined by its hair bundle, which protrudes from the cell's apical surface and confers directional sensitivity to mechanical stimuli [5] . Although signaling by the core planar-cell-polarity (PCP) system aligns hair bundles with the polarity axis of a sensory organ [6, 7] , some hair cells reverse their polarity with respect to the PCP axis, rendering them optimally responsive to mechanical stimuli from the opposite direction [8, 9] . The transcription factor Emx2 is specifically expressed in hair cells with reversed polarity and participates in the specification of that fate [10] , but the mechanism that establishes the Emx2 identity of a hair cell and effects polarity reversal remains unknown.
Using the lateral line of the zebrafish as a model system, we have studied how the correct number of oppositely polarized hair cells is established during the formation of mechanosensory epithelia. The lateral line consists of a series of sensory organs called neuromasts that sense water movements ( Figure 1A) . Hair cells in the neuromast develop in pairs from a progenitor cell, with the two daughter cells bearing oppositely polarized hair bundles [9] . One cell is sensitive to caudad water motionflow toward the tail-whereas the sibling cell responds to rostrad movement-flow toward the head ( Figures 1B and 1C ). The localization of the core PCP protein Vangl2 is indistinguishable in the two cells ( Figures 1D and 1E ) [11] , but only caudad-polarized cells express Emx2 ( Figures 1F and 1G) [10] . Here, we demonstrate that lateral inhibition mediated by Notch-Delta signaling dictates the binary fate decision involving Emx2 that underlies polarity patterning.
RESULTS

Notch-Mediated Lateral Inhibition and Polarity Reversal
The first indication that Notch plays a role in regulating polarity reversals was the observation that treatment with N-[N- (3,5- difluorophenacetyl-L-alanyl)]-S-phenylglycine t-butyl ester (DAPT), a g-secretase inhibitor that prevents the liberation of the Notch intracellular domain (NICD), produced neuromasts with a rostrad bias ( Figure S3 ) [11, 12] . Constitutive expression of NICD under a hair cell-specific promoter also produced a rostrad bias [13] . These observations raised the possibility of an interaction between the Notch pathway and Emx2 in the establishment of polarity reversals, albeit with an apparent contradiction: either blockage or overactivation of the Notch pathway produces the same polarity bias.
To interpret these results, we developed a mathematical model of Notch signaling between a pair of nascent hair cells based on the framework in Boareto et al. [14] (Figure 2A ). We simulated the concentration dynamics of ligands and receptors on the cellular surfaces as well as the concentration of Notch intracellular domain (NICD), which is released by proteolytic cleavage after the interaction of Notch with the ligand Delta and acts as a transcriptional co-activator. The parameter values for the model were obtained from the literature [14, 15] .
trans-activation of the Notch receptor inhibits the expression of its ligand Delta, creating a positive feedback loop (Figure 2A ). Although our simulations started with similar concentrations of NICD in each of the two cells, feedback amplified the early stochastic differences of NICD expression in the nascent hair-cell pair and broke the initial symmetry (Figures 2A and 2B) . One of the cells evolved to a low-Notch and high-Delta phenotype called the sender state [15] . That cell suppressed the expression of Delta in its sister, which then achieved a high-Notch phenotype termed the receiver state ( Figure 2B) . Given that the expression of Emx2 also shows distinct levels in sister cells ( Figures 1F  and 1G ), we propose that Notch signaling regulates the expression of Emx2, giving rise to a pair of hair cells of which one expresses a high and the other a low concentration of this protein. Cells above a certain concentration threshold for NICD downregulate Emx2 and acquire rostrad polarity, whereas cells with concentrations below the threshold highly express Emx2 and acquire a caudad polarity ( Figures 2B-2D ). This mechanism reliably creates one cell with caudad orientation and another with rostrad orientation.
We then used our model to simulate the pharmacological blockade of Notch cleavage and the constitutive expression of NICD ( Figures 2C and 2D ). Increasing concentrations of DAPT reduce the cleavage rate constant of Notch, which we term k t ( Figure 2C ). Our model indicates that incomplete inhibition of the pathway creates a symmetrical state in which both cells have similar and intermediate NICD levels. Furthermore, the NICD concentration of this state varies as a function of k t . Consequently, for a certain range of k t , the NICD level of the symmetrical state exceeds the threshold and produces pairs of rostradpolarized cells. However, further increasing the inhibition of Notch cleavage decreases the NICD concentration of the symmetrical state below the threshold and therefore makes both cells caudad-polarized ( Figure 2C ).
For increasing rates of constitutive expression of NICD, which we designate as I 0 , the NICD concentration of the low-NICD cell soon increases above the threshold, rendering cell pairs rostradpolarized ( Figure 2D ). At even higher values of I 0 , the bistable state of wild-type cells disappears, giving rise to a symmetrical state in which both cells have high levels of NICD ( Figure 2C ).
In summary, our model suggested three testable predictions. First, the process of Notch-mediated lateral inhibition breaks the initial symmetry of the pair of developing hair cells, leading to one expressing high NICD levels and another expressing low NICD levels. The NICD level then determines the polarity of the hair cells by inhibiting the expression of Emx2. Second, some DAPT-treated cell pairs acquire a symmetrical state with intermediate levels of NICD sufficient to inhibit Emx2, which make them rostrad-polarized. Genetic inactivation of functional Notch or stronger pharmacological inhibition of Notch cleavage should introduce a caudad bias. Finally, hair-cell pairs that constitutively express NICD have total NICD levels exceeding the threshold and should therefore be low in Emx2 and assume rostrad polarization.
To test our first prediction, we investigated the expression of the Notch ligands Delta C and Delta D in regenerating neuromasts of zebrafish larvae at 4 days post-fertilization (dpf). (C) A schematic section depicts the sensitivity of oppositely oriented hair cells to water flow. (D) In a micrograph of the upper surface of a neuromast, spectrin (green) marks the cuticular plates of hair cells. Immunolabeling reveals that the core PCP protein Vangl2 (orange) occurs consistently at the posterior cellular boundaries. (E) A polar plot of average Vangl2 labeling from 502 hair cells quantitates the effect in (D). This and each of the subsequent polar plots represents the average intensity of labeling, normalized to the maximum value, as a function of angular position with respect to the cells' centers. (F) In a developing neuromast, Emx2 (magenta) is expressed in the nuclei of three mature hair cells (green dashed lines on the left). In the distribution of actin-GFP (green) at the cellular apices, the dark spots locate the kinocilia and indicate that those cells are sensitive to caudad stimulation. Three other mature hair cells (green dashed lines on the right) have an opposite orientation. The apices of two immature hair cells (gray dashed lines) are indicated by arrowheads. (G) The polarities of hair cells from 20 neuromasts (top) in 4 dpf larvae are equally divided between caudad (Cd; 135 cells) and rostrad (Rd; 141 cells). The former cells express significantly higher levels of Emx2 (bottom). Scale bars, 3 mm. Means ± SEM; ***p < 0.001. See also Figure S1 . Nascent hair cells that had recently originated from a progenitor cell expressed higher levels of Delta D than mature hair cells with fully formed hair bundles. These nascent cells neither possessed an apical surface nor expressed Emx2. In slightly older but still immature pairs of hair cells, defined as those with underdeveloped apical surfaces, Delta D occurred at the contact area between the cells and was sometimes asymmetrically enriched in the cell that expressed Emx2 ( Figures 3A and S4 ; Videos S1, S2, and S3). Furthermore, we quantified the expression of Delta D and Emx2 in nascent, immature, and mature hair-cell pairs and found that Delta D expression preceded that of Emx2 ( Figure 3B ). This finding suggests that Notch signaling anticipates the expression of Emx2 during polarity specification. During the maturation of a hair-cell pair, the sender cell, with the higher Delta concentration and significant Emx2, has a low Notch concentration. The results suggest that Notch downregulates Emx2 expression and support the hypothesis that Notch-mediated lateral inhibition breaks the symmetry between the two nascent hair cells and defines their Emx2 status. Moreover, the observations imply that the sender cell is destined to develop caudad polarization and the receiver cell to assume rostrad polarization.
Perturbations of the Notch Pathway
Treatment of zebrafish larvae with 100 mM DAPT produces neuromasts with a rostrad bias ( Figures S3A and S3B) . A rostrad bias also results from treatment of larvae with the dynamin inhibitor 3-hydroxy-naphthalene-2-carboxylic acid (3,4-dihydroxy-benzylidene)-hydrazide hydrate (Dynasore), which blocks Notch signaling by inhibiting ligand endocytosis ( Figure S1 ) [16, 17] . Consistent with our second prediction, these interventions do not completely block Notch signaling, so complete abolition of Notch with higher concentrations of the inhibitor should lead to caudad-polarized neuromasts. Unfortunately, concentrations of DAPT exceeding 100 mM or of Dynasore greater than 1 mM either proved lethal or perturbed the normal development of neuromasts.
An alternative way to test our prediction is to analyze neuromasts from larvae deficient in functional Notch proteins. Because no functional NICD is produced in these mutants, the Notch cleavage rate k t should be zero ( Figure 2C ). In homozygous Notch1a mutants [17] , we indeed found that all hair cells were Emx2-positive and displayed caudad polarity (Figures 3C, 3D, and S2), confirming our prediction.
Single-cell RNA sequencing (RNA-seq) data [18] show that Notch1a is the only Notch paralog expressed in nascent or immature hair cells ( Figure S2A ), suggesting that this gene is the only variant involved in polarity determination. By contrast, all the Delta ligands are expressed in early stages of hair-cell development. To corroborate these data, we analyzed the neuromasts of other available Notch and Delta mutants. Homozygous Notch2 el515/el515 mutants [19] did not show any polarity bias ( Figure S2C ). The neuromasts from deltaA À/À , deltaC À/À , and deltaD À/À mutants [20, 21] also had no bias in hair-cell polarity ( Figure S2D ). Although the asymmetrical localization of Delta D in immature hair-cell pairs suggests that the protein participates in lateral inhibition, the lack of polarity bias in Delta D mutants points to functional redundancy among the three ligands, as also observed through immunolabeling ( Figures S2E-S2I ).
The caudad bias of Notch1a neuromasts, in contrast to the rostrad bias following treatment with DAPT or Dynasore, supports our interpretation that these substances do not fully inhibit Notch signaling. Our computational model predicts that a caudad bias should appear at higher levels of inhibition. To test this idea, we treated larvae with LY411575, a more potent g-secretase inhibitor than DAPT [22] . By varying the concentration of LY411575 between 50 nM up to 5 mM, we successfully reproduced the full range of polarity biases ( Figures 2C, 3E , and S3C). At low concentrations of LY411575, we observed the same rostrad bias as in DAPT-treated neuromasts, whereas high concentrations generated a caudad bias similar to that of the mutant. These results corroborate the predictions of our mathematical model ( Figure 2C ).
To test our third prediction, we developed a transgenic zebrafish line that constitutively expresses myc-tagged NICD (NICD-CE) specifically in hair cells. As reported previously [13] , hair cells of these transgenic larvae display a strong rostrad bias compared to those in control animals ( Figures 1G, 3F , and 3G; Video S4). To investigate the mechanism behind this bias, (C) In a Notch1a b420/b420 mutant, hair cells show a caudad polarization (left) and uniformly express Emx2 (right). (D) These effects are consistent in 536 hair cells from 57 neuromasts. (E) The g-secretase inhibitor LY411575 creates a polarity bias that lies in the rostrad direction for low concentrations but becomes caudad at higher concentrations. The measurements were made as follows: for 50 nM compound, 160 caudad and 205 rostrad hair cells in 37 neuromasts; for 200 nM compound, 47 caudad and 48 rostrad hair cells in 12 neuromasts; and for 5 mM compound, 164 caudad and 114 rostrad hair cells in 19 neuromasts. (F) In an NICD-CE transgenic animal, most hair cells are polarized in the rostrad direction (left). Occasional hair cells (arrowheads) fail to express NICD-CE; they instead contain Emx2 (magenta, right) and adopt a caudad sensitivity. (G) The effect is quantified for 68 cells from 21 neuromasts. Scale bars, 5 mm. Means ± SEM; ***p < 0.001; **p < 0.01; *p < 0.05. See also Figure S3 and Videos S1, S2, S3, and S4.
we used specific antibodies to analyze the Emx2 level in NICD-CE hair cells. Because expression was sometimes mosaic, we restricted our analysis to hair cells expressing NICD-CE as indicated by anti-myc immunolabeling ( Figure 3F ). Quantification of nuclear expression of Emx2 in both control and NICD-CE hair cells revealed that NICD decreased the expression of Emx2, resulting in rostrad polarity ( Figure 3G ). We corroborated this result with another transgenic line that induced endogenous production of NICD through cytokine signaling (Figures S1G and S1H). Taken together, measurements of polarity distribution and Emx2 expression levels in mutant and transgenic lines show that Notch regulates polarity reversal.
Notch-Delta Signaling and Global PCP Signals
Because Notch signaling determines Emx2 expression in developing pairs of hair cells, we wondered how the Notch pathway interacts with cell-intrinsic polarity factors and with global PCP signals to determine the orientation of hair bundles. In trilobite mutants that lack functional Vangl2 protein, hair bundles are randomly oriented [7] . Because Emx2 is nevertheless expressed in half of the Vangl2 À/À mutant hair cells [10] , a Notch-based lateral-inhibition circuit remains intact in Vangl2 À/À mutants and might act in parallel to the PCP system. The shape and orientation of the hair bundle is determined by the localization of cell-intrinsic polarity factors including the heterotrimeric G-protein Gnai [23, 24] . Reading cues from the global PCP pathway, Gnai and the associated proteins form a crescent-shaped domain at the apical surface of a developing mammalian hair cell. These factors are implicated in relocalizing the kinocilium from its initial position at the center of the apical surface to the edge where the Gnai crescent lies [23, 24] . This process creates a cell-intrinsic polarity axis that defines the orientation of the hair bundle. Whereas at least three isoforms of Gnai occur in the zebrafish genome, RNA-seq data indicate that Gnai1 is highly enriched in lateralline hair cells [25] . Regardless of the cellular polarity, Gnai1 adorned the apical surface of each wild-type hair cell as a crescent adjacent to the kinocilium ( Figure 4A ). Even in immature hair cells with an underdeveloped apical surface, Gnai was asymmetrically distributed, suggesting that this protein plays a role similar to that of its mammalian homolog.
We quantified the average intensity of Gnai1 expression across the apical surfaces of hair cells and observed a mirror-symmetrical distribution ( Figure 4B ). This opposing pattern of localization was lost in Notch1a b420/b420 mutants (Figures 4C and 4D) and NICD-CE larvae ( Figures 4E and 4F) , in which the distribution of Gnai1 nonetheless coincided with the orientation of the hair bundles. The mirror symmetry of the Gnai1 distribution was also absent from Emx2 À/À mutants and larvae constitutively expressing Emx2 (Emx2-CE) (Figures S4D and S4E) [10] . Notch and Emx2 therefore act upstream of the cell-intrinsic determinants of hair-cell polarity and guide their localization during development.
To further investigate whether core PCP components were affected in Notch-deficient and NICD-CE larvae, we analyzed the localization of Vangl2 protein. In wild-type larvae, Vangl2 was enriched at the posterior edge of a hair cell's apical surface irrespective of the bundle's orientation ( Figures 1D and 1E ). This expression pattern was maintained in the neuromasts of both Notch1a b420/b420 mutants ( Figures 4G and 4H ) and NICD-CE larvae ( Figures 4I and 4J) . A similar pattern also occurred in Emx2 À/À mutants and Emx2-CE transgenic larvae ( Figures S4F  and S4G ). Because the distribution of Vangl2 was unaffected by a deficit or excess of Notch function, Notch signaling operates in parallel to the core PCP pathway.
Interaction of Notch and Emx2 with Downstream Targets
It has been suggested that Emx2 is necessary and sufficient to determine the polarity of hair cells [10] . Because our observations indicated that Emx2 functions downstream of Notch, expression of both NICD and Emx2 would be expected to yield hair cells with caudad sensitivity similar to those in Emx2-expressing larvae. We therefore developed a line of transgenic zebrafish that constitutively expressed both Emx2 and NICD within hair cells ( Figure 5A; Video S5) . Surprisingly, hair cells displayed a rostrad polarity bias similar to that characteristic of NICD-CE cells ( Figures 3G and 5B ). This result implies that Emx2 and Notch interact in a more complex manner than the simple downregulation of Emx2 by Notch. Constitutive expression of Emx2 leads to increased presence of Delta D in mature hair cells when compared to wild-type and NICD-CE larvae, suggesting that Emx2 upregulates DeltaD expression ( Figures S3E and  S3F ). However, we found that Emx2-CE hair cells retained a pattern of high Emx2 expression in one sister cell and low expression in the other ( Figure S3D ), suggesting that the bistable state is preserved in these fish. Because our computational model shows that any potential regulation of Delta ligands by Emx2 does not fundamentally change the results, we neglected this interaction for the sake of simplicity ( Figure S5 ).
To explain the results of the simultaneous constitutive expression of NICD and Emx2, we extended our mathematical model to include an additional hypothesis: these two transcription factors compete for the regulation of a gene that encodes a polarity effector. Note that here and elsewhere we recognize that more than one gene and protein could be involved. We propose that Emx2 activates a polarity effector and NICD inhibits it ( Figure 5C ). By symmetry, the model would also operate if these roles were reversed. The concentration of the polarity effector establishes cellular polarity: high concentrations yield caudad-polarized cells whereas low concentrations produce cells of rostrad sensitivity. Under these assumptions, our model reproduced the results of all the experimental perturbations that we performed, including the constitutive expression of both NICD and Emx2 ( Figures 5D-5I ). For each condition, we performed one thousand simulations while randomly varying the parameters by 20% around their mean values to test the model for robustness. In this way, we also quantitatively reproduced the polarity biases observed experimentally ( Figures 3C-3F , 5A, 5B, S1E, S1F, S3A, and S3B).
In wild-type neuromasts, the lateral-inhibition mechanism splits sister cells into two states, low-Notch/high-Emx2 and high-Notch/low-Emx2. Cells with low Notch and high Emx2 concentrations drive the expression of the polarity effector above a certain threshold and become caudad-polarized, whereas in cells with high Notch and low Emx2 concentrations the expression of the polarity effector is repressed and they become rostrad-polarized ( Figures 1G, 5D, and S5B) .
In DAPT-treated neuromasts, both cells adopt an intermediate level of NICD that nonetheless suffices to repress Emx2 and then to drive the expression of the polarity effector to sub-threshold levels ( Figures 5E and S5C ). If the activity of Notch were inhibited more completely, our model predicts that cells would show a caudad bias. In Notch1a mutants, all cells adopted a high-Emx2 state, which drove the expression of the polarity effector above threshold and rendered them caudad-polarized (Figure 5F) . Conversely, when NICD was expressed constitutively, all cells adopted a high-NICD/low-Emx2 state, inhibiting the polarity effector and becoming rostrad-polarized ( Figures 5G and  S5D) .
When Emx2 was expressed constitutively, the bistable circuit producing high-and low-NICD cells remained intact, and therefore cells assumed a low-NICD/high-Emx2 state or a high-NICD/ high-Emx2 state ( Figure 5H ). In this case, the constitutive expression of Emx2 was able to drive the expression of the polarity effector even in high-NICD cells, rendering them caudad-polarized. If NICD and Emx2 were expressed simultaneously, then all cells adopted a high-NICD/high-Emx2 state in which repression of the polarity effector by NICD overcame the activation by Emx2 and produced a rostrad bias ( Figure 5I ). Although either treatment with DAPT or simultaneous constitutive expression of NICD and Emx2 produced a similar rostrad bias, our model predicts different mechanisms for these effects (Figures 5B and S3B ). In the case of DAPT treatment, we expect that most hair-cell pairs have opposite polarities, with a minority of pairs of rostrad polarity. For simultaneous constitutive expression of NICD and Emx2, however, most pairs would be expected to demonstrate the same polarity, with a bias toward rostrad polarization. By examining the polarity of hair cells known to be sisters, we confirmed this prediction: 55% of 153 cell pairs in 27 DAPT-treated neuromasts had the same polarity as opposed to 77% of 38 cell pairs of 33 NICD-CE/Emx2-CE neuromasts.
Our model thus explained the polarity biases observed in different experimental perturbations in terms of the cells' joint Emx2 and NICD concentrations and the effect of these proteins on a downstream effector of polarity reversal.
DISCUSSION
The specification of cellular fate is an essential process during embryonic and larval development. Some mechanisms of fate decision involve the establishment of specific niches that provide global signaling cues, asymmetrical cell division, or local cell-cell communication. Because hair cells form in pairs of opposite polarities regardless of their position within the neuromast, the existence of a specific niche determining each of the polarities is unlikely. Numb, a protein usually involved in Notchmediated asymmetrical cell division, is not expressed in immature hair cells [18] . In contrast, our results show that polarity decisions in nascent hair cells are ensured by the gene-regulatory network of the Notch signaling pathway, in which the downregulation of Delta ligands by NICD creates a negative feedback loop between each nascent pair and leads to the emergence of a bistable switch [14, 15] . This switch reliably breaks the symmetry between the two nascent hair cells and drives them to distinct states of Notch expression. When NICD is constitutively expressed, both cells downregulate Emx2 and develop rostradpolarized hair bundles. In Notch1a mutants, Emx2 is upregulated in hair-cell pairs and renders them caudad-polarized. In conjunction with mathematical modeling, experiments in which NICD and Emx2 are expressed simultaneously suggest that Notch and Emx2 compete for the regulation of a polarity effector that institutes reversal of the hair-bundle orientation. Studying this effector will be an aim of future research.
Approximately half of nascent pairs of hair cells undergo rearrangements in which the cells interchange their positions along the anteroposterior axis [11] . Although the reason why particular cell pairs exchange their positions is not known, our results suggest a hypothesis. When nascent hair cells develop their apical surfaces, we consistently observe that the caudad-polarized cell is the more anterior of the two. Because lateral inhibition amplifies stochastic initial differences in the expression of Notch and Delta, this process should with equal probability yield instances in which the caudad-polarized cell is the more anterior or the more posterior of the pair. In the latter instance, the cells evidently exchange their positions after the polarity decision has been made [26] .
To the best of our knowledge, polarity determination in the neuromast represents the first phenomenon in which the PCP and Notch pathways act in parallel to determine the orientation of a subcellular structure. The PCP pathway specifies an axis for the polarization of hair bundles; the Notch pathway then coordinates the reversal of half the bundles with respect to that axis. This process creates neuromasts in which all the cells are aligned with the anteroposterior axis of the fish, but half point in the opposite direction. This arrangement confers sensitivity to both rostrad and caudad water flows. By elucidating the interplay between cell polarity and Notch signaling, our findings explain how a complex polarity pattern is formed robustly during development and regeneration.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Experiments were performed on 2-5 dpf zebrafish larvae of both sexes in accordance with the standards of Rockefeller University's Institutional Animal Care and Use Committee. The larvae were healthy, had not been involved in previous studies, and had not been exposed to drugs. Zebrafish were raised in E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl 2 , 0.33 mM MgSO 4 , 1 mg/mL methylene blue) in an incubator maintained at 28 C. Wild-type TL zebrafishes were obtained from the Zebrafish International Resource Center.
The following mutant lines were used: Notch1a À/À alleles b420 and b638 [17] , Notch2 À/À allele el515 [19] , deltaA À/À allele hi781Tg [20] , deltaC À/À allele tw212b [21] , deltaD À/À allele tr233Tg [21] , and Emx2 À/À [10] . In addition, the following transgenic zebrafish lines were used: Tg(myo6b:actb1-EGFP) [27] , Tg(myo6b:emx2-2A-NLS-mCherry) [10] , Tg(5xUAS-E1b:6xMYC-notch1a-intra) [28] , Tg(UAS:Tnfr2) ums1 [29] , Tg(myo6b:GAL4FF) allele ru1012Tg. Embryos and larvae were staged as described [32] .
The Tg(myo6b:GAL4FF) line was produced with the Gateway-based Tol2 kit [33] . Gateway cloning was performed by combining p5E-myo6b [27] , pME-Gal4FF [30] , p3E-SV40-polyA (Tol2 Kit), and pDestTol2pA2 (Tol2 Kit) plasmids and LR Clonase II Plus (Invitrogen). To generate Tg(myo6b:GAL4FF) ru1012Tg founders, 25 ng/ml of verified plasmid DNA was injected into single-cell TL embryos separately from 25 ng/ml of Tol2 Transposase mRNA. Adult founders were then crossed with wild-type fish to generate heterozygotes that were identified by tail-clip genotyping with the primers: Gal4FF forward, 5 0 -CCAAAGAAAAACCGAAGTGC-3 0 ; Gal4FF reverse, 5 0 -CTCTTCCGATGATGATGTCG-3 0 .
METHOD DETAILS
Treatments of larvae
To ablate mature hair cells in some experiments, we treated 3 dpf larvae for 2 hr at 28 C with 1 mM CuSO 4 in E3 medium. The animals were thoroughly washed and maintained overnight in E3 medium, then fixed for immunofluorescence imaging on the following day.
After hair-cell ablation at 3 dpf, larvae were incubated overnight with either 100 mM N-[N- (3,5- difluorophenacetyl-L-alanyl)]-Sphenylglycine t-butyl ester (DAPT, Cell Signaling) in E3 medium, 600 mM 3-hydroxy-naphthalene-2-carboxylic acid (3,4-dihydroxy-benzylidene)-hydrazide hydrate (Dynasore, Sigma) in E3 medium, and 50 nM, 200 nM and 5 mM LY411575 (Sigma) in E3 medium. Controls were incubated overnight in 100 mM DMSO (Sigma). One day later the larvae were thoroughly washed and fixed for immunofluorescence imaging.
Immunofluorescence microscopy
For the immunofluorescence labeling of wholemounted Emx2, Emx2-CE, and NICD-CE larvae, 4 dpf larvae were fixed overnight at 4 C in 4% formaldehyde in phosphate-buffered saline solution (PBS) with 1% Tween-20 (1% PBST). Larvae were washed four times with 1% PBST for 15 min each, then placed for 2 hr in blocking solution containing PBS, 2% normal donkey serum (NDS), 0.5% Tween-20, and 1% BSA. Primary antibodies were diluted in fresh blocking solution and incubated with the specimens overnight at 4 C. The primary antibodies were murine anti-c-myc (1:200; Clone 9E10, Clontech), rabbit anti-Emx2 (1:200; KO609, Trans Genic, Fukuoka, Japan) [10] , and rabbit anti-mCherry (1:200, GeneTex). Larvae were washed four times with 0.1% PBST for 15 min each. Alexa Fluor 555/647-conjugated anti-rabbit/mouse secondary antibodies (Invitrogen, Molecular Probes), phalloidin 488 (Thermo Fisher Scientific), and 4,6 0 -diamidino-2-phenylindole (DAPI) were applied overnight at 1:200 dilutions in 0.2% PBST. Larvae were then washed four times in 0.2% PBST for 15 min each and stored at 4 C in VectaShield (Vector Laboratories).
Immunofluorescence labeling for Delta C and Delta D was conducted on regenerating neuromasts of wholemounted larvae in which hair cells had been ablated at 3 dpf. One day later, the animals were fixed overnight at 4 C in 4% formaldehyde in PBS, then washed for 5 min 0.1% PBST and placed for 2 hr in blocking solution containing PBS, 10% NDS, 0.5% Triton X-100, 2% bovine serum albumin (BSA), and 1% dimethylsulfoxide (DMSO). Primary antibodies were diluted in fresh blocking solution and incubated with the specimens overnight at 4 C. The primary antibodies were murine anti-Delta C (1:50; zdc2, Abcam) [34] and murine anti-Delta D (1:100; zdd2, Abcam) [35] . Larvae were washed for 2 hr with PBS containing 0.1% Triton X-100. AlexaFluor 647-conjugated anti-mouse secondary antibody (Invitrogen, Molecular Probes) was applied overnight at 4 C at a dilution of 1:200 in blocking solution. Larvae were then washed 2 hr in PBS containing 0.1% Triton X-100 and stored 4 C in VectaShield.
Immunofluorescence labeling was used to delineate spectrin in a hair cell's cuticular plate, the actin-rich organelle at the cell's apical surface that acts as the foundation for the hair bundle. A similar procedure was employed for immunofluorescence localization of Vangl2. For wholemount preparations, 4 dpf larvae were fixed overnight at 4 C in Prefer solution with 0.5% Triton X-100, washed four times for 15 min each with 1% PBST, and placed for 2 hr in blocking solution containing PBS, 2% NDS, 0.5% Tween-20, and 1% BSA. Primary antibodies were diluted in fresh blocking solution and incubated with larvae overnight at 4 C. The primary antibodies were murine anti-b-spectrin II (1:100; Clone 42/B-Spectrin II, BD Biosciences) and rabbit anti-Vangl2 [36] . After larvae had been washed for times for 15 min each with 0.1% PBST, we applied AlexaFluor 488-and 555-conjugated anti-mouse and anti-rabbit secondary antibodies (Invitrogen, Molecular Probes) overnight at a dilution of 1:200 in 0.2% PBST. The specimens were then washed for times for 15 min each in 0.2% PBST and stored 4 C in VectaShield.
Fixed larvae were mounted on a glass slide and imaged with a microlens-based, super-resolution confocal microscope (VT-iSIM, VisiTech international) under a 100X, silicone-oil objective lens of numerical aperture 1.35. Images at successive focal depths were captured at 200 nm intervals and deconvolved with the Microvolution software in ImageJ.
Quantification of immunofluorescence images
Image processing and analysis were performed with custom ImageJ extensions written in Python [31] . The details of the procedures and the corresponding code will be provided upon request.
We developed a fully automated method for measuring the radial profile of fluorescence intensity for immunolabeled proteins at the apical surfaces of an individual hair cell. The method relies on detecting the centroid of the cell's apical surface by labeling of a constituent of the cuticular plate such as actin or spectrin. The normalized fluorescence intensity of a protein of interest, such as Vangl2 or Gnai, is then measured within a specified radial interval around the centroid for varying angles. The mean radial intensity profiles were obtained by averaging the results for 35-502 cells from 8-47 neuromasts per experimental condition.
To quantify the average fluorescence intensity of hair-cell nuclei immunolabeled for Emx2 or for NICD marked by c-myc, we combined an automated method for image segmentation with manual labeling of cells according to their polarity ( Figure S1 ). The region of interest within which fluorescence intensity is to be measured through a stack of images is obtained by outlining the hair cells labeled for the relevant nuclear marker. The images of individual cellular nuclei are then segmented through the stack. As an example, for a neuromast expressing b-actin-GFP under the hair-cell-specific myo6b promotor, the area in each optical section occupied by a particular hair cell is segmented on the basis of anti-GFP labeling. DAPI staining next allows segmentation of the nucleus within this region. The hair-bundle polarity of that cell is identified manually from the pattern of labeling with phalloidin or b-actin-GFP. Finally, a manual correction is made to the nuclear profiles to exclude any spurious area. For each nucleus, this procedure yields an average of 8-20 regions of interest from which a data point is obtained by calculating the average intensity of immunofluorescence through the entire stack and normalizing to the average intensity of DAPI staining.
To reduce noise in the immunohistolabeling of Emx2, we preprocessed the images by successively applying the following three filters. First, we replaced pixels by the median value of surrounding pixels within a two-point radius, if they deviated from the median by more than a threshold of 50 units. Next, we applied an isotropic, three-dimensional Gaussian blur with a four-point radius. Finally, we subtracted the background by applying a rolling-ball algorithm with a 50-point radius. We quantified all intensities also from the unprocessed images to ensure that these steps did not introduce artifacts. All data are available upon request.
To quantify the relative polarity of hair cell pairs in DAPT and NICD-CE/Emx2-CE neuromasts we manually analyzed the images and identified sister hair cells based on their similar age, size of the apical surface, and proximity. Although the identification of sister cells from fixed images is not completely unambiguous, we could nevertheless distinguish many pairs with high confidence.
Description of theoretical model
We consider the interaction of two cells through Notch-Delta signaling. We do not distinguish between the different Notch and Delta variants, and we disregard the role of Jagged or other ligands. The equations that describe this system are [14] :
in which N j , D j and I j are the number molecules of Notch, Delta, and the Notch intra cellular domain (NICD) for cells j = 1; 2. g represents the degradation rate constants for Notch and Delta, and N 0 and D 0 are the production rate constants of Notch and Delta. For simplicity we assume that both Notch and Delta degrade at a similar rate; NICD degrades at a rate g I . The interaction of a Notch receptor protein on one cell with a Delta ligand protein on a neighboring cell, a process called trans-activation, allows the cleavage of NICD by g-secretase. NICD then translocates to the nucleus, where it binds to the CSL transcription-factor complex and modifies the expression of downstream targets [37] . When the Notch receptor binds to a Delta ligand of the same cell both proteins are degraded in a process called cis-inhibition, and no signaling occurs. The constants k t and k c represent the constants for trans-activation and cis-inhibition respectively. We define the Hill functions 3C, 3D , 3F, and 3G). We describe this by introducing two equations that describe the number of Emx2 molecules E j for cells j = 1; 2. Our data also suggest that Emx2 upregulates the production of Delta and that this feedback has only a minor effect in the model. For this reason, we here neglect the interaction of Emx2 and Delta. As an additional simplification, supported by the temporal evolution of Delta D and Emx2 at different stages of hair-cell maturation ( Figure 3B ), we assume that the dynamics of Emx2 are much faster than the dynamics of the components of the Notch pathway. Because transcriptional regulation by the Notch pathway is enacted through NICD, the concentration of Emx2 depends on the concentration of NICD. Under these assumptions, we write an equation for the quasi-steady-state values of E j [38] 
in which E 0 is the steady-state number of Emx2 molecules in the absence of NICD, and s e represents the strength of the Emx2 inhibition by NICD.
Our results suggest that NICD and Emx2 compete for the regulation of a gene or set of genes that are the effectors of the polarity reversals. To test this idea we propose a simple model for polarity reversal regulation in which NICD and Emx2 act on a single downstream gene that we term polarity effector (PE). The number of molecules of this polarity effector for cells j = 1; 2 is described at the quasi steady state by [38] P 1;2 = P 0 k n E 1;2 ðk e I 1;2 + k n E 1;2 + k n k e Þ : (Equation 8) The NICD transcription complex binds to the polarity effector's promoter with a rate constant k n and inhibits the production of its product P j . Conversely, Emx2 competes for binding at the same promoter with a rate constant k e . When bound Emx2 activates the production of P j . P 0 is the maximal steady-state number of polarity-effector molecules. For values of P j > P 0 =2 developing hair cells become caudad-polarized whereas if P j < P 0 =2, they become rostrad-polarized.
Parameter values and robustness analysis
The average parameter values used in simulations are described in the STAR Methods. The total number of proteins for Notch, Delta, and NICD were obtained from [14] . A pair of nascent hair cells remains in contact with each other for about two hours after division from their common progenitor [39] , so we adjusted the rate constants of our model so that NICD reaches a steady state in around an hour (Figures 2A and S5B ). These timescales are consistent with rise times measured experimentally [40] .
To test for robustness of the parameter values in the system, we ran 1000 simulations in which N 0 , D 0 , k c , k t , g, g I , s I , s e , k n , k e , and E 0 to varied by 20% from their average values (STAR Methods). With this level of noise in the parameters, we matched the ratio of caudad to rostrad hair cells obtained in our simulations in all of the experiments (Figures 5D-5I ).
Polarity selection in wild-type neuromasts
For the average parameter values describing a wild-type neuromast (STAR Methods) the system is bistable. Starting from random initial conditions one of the two hair cells in a nascent pair will evolves to a high-Notch, high-NICD, and low-Delta state while the other cell achieves a low-Notch, low-NICD, and high-Delta state (Figure 2A ). If we choose cell 1 to be in the high-Notch state, the steady state values of the variables fulfill N 1 > N 2 , I 1 > I 2 , and D 1 < D 2 . NICD inhibition of Emx2 production leads to E 2 > E 1 , and therefore P is activated in cell 1 and inhibited in cell 2 ( Figure S5B ). If we choose the threshold for polarity reversals to be P 0 =2, then cell 1 becomes rostrad-polarized whereas cell 2 adopts a caudad polarity.
Pharmacological inhibition of the Notch pathway DAPT and LY411575 are g-secretase inhibitors that preclude the cleavage of Notch to NICD upon binding of Notch to Delta. To analyze their effect we need to consider a version of Equations 1, 2, and 3 in which we explicitly take account of the binding step between Notch and Delta and the cleavage of NICD. The reaction is then represented by N + D E #½ND E /I (Equation 9) in which D E is the Delta concentration of the sister cell and ½ND E is the concentration of the uncleaved Notch-Delta complex. We can now write the equations for these reactions, vN vt = N 0 H S + ðIÞ À k t + ND E À k t À ½ND E À gN; (Equation 10) v½ND E vt = À k t + ND E À k t À ½ND E À k I ½ND E ; (Equation 11) vI vt = À k I ½ND E À g I I;
( Equation 12) in which k t + and k t À represent the binding and unbinding rate constants of Notch to Delta and k I is the cleavage rate constant for the Notch-Delta complex. For simplicity we have omitted the hair-cell subscripts, the terms describing cis-inhibition, and the equation for Delta.
Assuming a quasi-steady state for ½ND E , from Equation 11 we obtain Addition of a g-secretase inhibitor lowers the cleavage rate constant k I of the Notch-Delta complex, which implies a decrease of k t . Therefore, decreasing values of k t in Equations 1, 2, and 3 simulate the effect of increasing concentrations of the inhibitor (Figures 2C  and S5C ). For a moderate decrease of k t the concentration of NICD for the high-NICD cell decreases but the system retains its bistability and the polarity effector P is driven to a high state, which induces a caudad polarization of the cell. For higher concentrations of the inhibitor, corresponding to a lower value of k t , a new, symmetric, state appears as a middle branch of the bifurcation diagram ( Figure S5C ). Both cells in this state show intermediate to low concentrations of NICD. For k t (0:2 3 10 À6 s À1 , the NICD expression of this symmetric state is sufficient to repress the expression of Emx2 and the polarity effector to produce pairs of rostrad-polarized cells. As a result, when we introduce noise in the parameters of the system while using a low value of k t to simulate g-secretase inhibitor treatment many cell pairs adopt this intermediate state, generating the rostrad bias observed experimentally ( Figures 5E and  S5C ). We hypothesize that this region corresponds to the treatments with either 100 mM DAPT or 50 nM LY411575, both of which produce a rostrad bias ( Figures 3E, S3A , and S3B).
For k t (0:2310 À6 s À1 our model predicts that the NICD concentration of the symmetric state is insufficient to repress Emx2 and the polarity effector, and therefore the cells become caudad-polarized. This regime cannot be achieved by DAPT because high concentrations of this inhibitor are lethal to the fish, but treating larvae with 5 mM LY411575 does produce neuromasts with a caudad bias ( Figure 3E ).
Notch1a mutants
In Notch1a null mutants, the rate of production of functional Notch is N 0 = 0 s À1 . This case is equivalent to the limit in which k t = 0. In the complete absence of NICD, Emx2 is expressed highly in both cells of the pair, activating the expression of the polarity effector and creating caudad-polarized cells ( Figures 3C and 3D) .
Constitutive expression of NICD
The constitutive expression of NICD under the myo6b promoter can be simulated by adding a source term I 0 to Equation 3 , which represents the extra rate of production of NICD: vI 1;2 vt = k t N 1;2 D 2;1 À g I I 1;2 + I 0 : (Equation 17) 
